Abstract The aim of this study was to investigate the potential protective effect of the Hsp70 protein in the cardiac dysfunction induced by doxorubicin (DOX) and the mechanisms of its action. For this purpose, we used both wild-type mice (F1/F1) and Hsp70-transgenic mice (Tg/Tg) overexpressing human HSP70. Both types were subjected to chronic DOX administration (3 mg/kg intraperitoneally every week for 10 weeks, with an interval from weeks 4 to 6). Primary cell cultures isolated from embryos of these mice were also studied. During DOX administration, the mortality rate as well as weight reduction were lower in Tg/Tg compared to F1/F1 mice (P<0.05). In vivo cardiac function assessment by transthoracic echocardiography showed that the reduction in left ventricular systolic function observed after DOX administration was lower in Tg/Tg mice (P<0.05). The study in primary embryonic cell lines showed that the apoptosis after incubation with DOX was reduced in cells overexpressing Hsp70 (Tg/Tg), while the apoptotic pathway that was activated by DOX administration involved activated protein factors such as p53, Bax, caspase-9, caspase-3, and PARP-1. In myocardial protein extracts from identical mice with DOX-induced heart failure, the particular activated apoptotic pathway was confirmed, while the presence of Hsp70 appeared to inhibit the apoptotic pathway upstream of the p53 activation. Our results, in this DOX-induced heart failure model, indicate that Hsp70 overexpression in Tg/Tg transgenic mice provides protection from myocardial damage via an Hsp70-block in p53 activation, thus reducing the subsequent apoptotic mechanism.
Introduction
Heat shock proteins (Hsps) constitute a large family that is divided into six subfamilies based on molecular mass: 100-110, 90, 70, 60, 40, and 18-30 kDa. Heat shock protein 70 or Hsp70, used herein to denote HSP70A1A (Kampinga et al. 2009) , is the major member of the 70 kDa family, and its expression is induced after exposure to physical and chemical factors or stresses (Hightower 1991) . Hsp70 acts in cooperation with co-chaperone proteins to form molecular protein machines (Minami et al. 1996; Höhfeld et al. 2001; Bozidis et al. 2002) , and its function, performed by its monomeric form (Benaroudj et al. 1996; Angelidis et al. 1999) , has been implicated in various cellular pathways. At the molecular level, Hsp70 participates in cell processes such as protein folding (Beckmann et al. 1990 ), protein degradation Saliba et al. 2002) , protein translocation (Chirico et al. 1988) , and DNA repair both in the nucleus and the nucleoli (Kotoglou et al. 2009) . At the cellular level, Hsp70 has been related to heat resistance, cell viability (Angelidis et al. 1991; Angelidis et al. 1996) , and also apoptosis (Jaattela et al. 1998a,b; Damalas et al. 2011) . Finally, Hsp70 has been linked to disease and pathological states such as neurodegenerative diseases (Cummings et al. 2001; Adachi et al. 2003) , cancer (Scott and Frydman 2003; Mosser and Morimoto 2004) , cardiovascular conditions (Plumier et al. 1995; Lysitsas et al 2007) , spinal cord ischemia (Kyrou et al. 2012) , and PTZ kindling (Ammon-Treiber et al. 2007) .
A protective effect of Hsp70 to the myocardium in the setting of ischemia-reperfusion (Okubo et al. 2001; Liu et al. 2007 ) and atrial fibrillation (Brundel et al. 2006 ) has been demonstrated, while the role of Hsp70 in heart failure has not been entirely overlooked (Knowlton et al 1998; Willis and Patterson 2010) . Inhibition of apoptosis and pro-inflammatory cytokines, repair of ion channels, restoration of redox balance, and nitric-oxideinduced protection have been reported as mechanisms via which Hsp70 may protect heart cells (Delogu et al. 2002) . The Hsp70-transgenic mice that overexpress Hsp70 (Angelidis et al. 1996) have been used as a major model for the role of Hsp70 in diseases and pathological states (Adachi et al. 2003; Plumier et al. 1995; Ammon-Treiber et al. 2007 ). Our research team, in collaboration with Canadian scientists, has previously shown that Hsp70 plays an important role in protecting the myocardium from apoptosis after ischemia/reperfusion (Plumier et al. 1995) . Doxorubicin (DOX), a cytotoxic antibiotic of the anthracycline group, has long been used as a potent chemotherapeutic agent for the treatment of solid and hematopoietic tumors in humans. DOX cytotoxicity has been attributed to a variety of mechanisms such as oxygen reactive species generation, topoisomerase-II inhibition, DNA crosslinks, doublestrand breaks, and the mismatch repair pathway (Skladanowski and Konopa 1994; Larson and Drummond 2001) . The main side effect of DOX is a dose-dependent cardiotoxicity that may result in the development of cardiomyopathy and heart failure (Singal and Iliskovic 1998; Sawyer et al 2010; Octavia et al. 2012) , hence limiting its use. The exact mechanisms that mediate cardiotoxicity induced by the chronic administration of DOX still remain largely unknown. Increased oxidative stress and inflammation with DOX administration, leading cardiomyocytes to apoptosis, appears to be an important mechanism (Nozaki et al. 2004; Wang et al. 2004; Sawyer et al. 2010) . Previous work has demonstrated a potential interference of Hsp70 with the cytotoxicity of DOX (Abe et al. 1996; Karlseder et al. 1996; Ciocca et al. 2003) , while the potential protective role of Hsp70 in chronic DOX cardiotoxicity has also been little investigated, mainly in cellular models (Ito et al. 1999; Demidenko et al. 2006) .
In this study, we utilized the Hsp70-transgenic mouse animal model and the Hsp70-transgenic mouse embryonic fibroblast to investigate whether Hsp70 overexpression in transgenic mice might have a protective role in the DOXinduced heart failure. Additionally, we sought to assess the action mechanism of Hsp70 protein.
Material and methods
Cell culture, heat shock, and cell and tissue extracts Primary embryonic cells were isolated and cultured from 13-day mouse embryos (wild-type mice and Hsp70-transgenic mice overexpressing the human heat shock protein 70, strain CBA-C57BL/6J; more details are provided below). These cells, named F1/F1 (cells derived from embryos of wild type mice) or Tg/Tg cells (cells, derived from embryos of the Hsp70-transgenic mice, overexpress the Hsp70 protein), were spontaneously immortalized during their repeated passaging, which is likely due to the additional copy of certain chromosomes (Williams et al. 2008) .
Sub-confluent primary cells growing as monolayers in DMEM supplemented with 10 % fetal calf serum (Angelidis et al. 1996) were subjected or not to heat shock at 42.5°C for 60 min followed by 90-min recovery at 37°C, in order to assess the expression of Hsp70.
Control or heat-treated cells were harvested, washed with NaCl/Pi, resuspended in RIPA buffer, and lysates prepared as described previously (Bozidis et al. 2002) . The lysates were mixed with sodium dodecyl phosphate (SDS) sample buffer to 1× final concentration, boiled for 3 min, and stored to −30°C.
Cardiac tissue fragments from control and transgenic animals were used for protein extract selection as described previously (Williams et al. 2008) . Fresh mouse tissue samples fractionated using the Thermo Scientific Subcellular Protein Fractionation Kit for Tissues (cat. no. 87790). Normalized loads of each extract (20 μg) were analyzed by Western blotting.
Antibodies
The antibodies used in our experiments were the following: mouse anti-Hsp70 (StressGen Biotechnologies, Victoria, Canada: SPA 810, a mouse monoclonal antibody that binds to human HSP70 A1A specifically), rabbit anti-PARP-1 (Santa Cruz Biotechnology, sc-7150), anti-Bax (Santa Cruz, sc-7480), anti-phospho-p53-[ser15] (Cell Signalling, no. 9284), anti-active caspase 3 polyclonal antibody (BD Pharmingen, cat. no. 559565), anti-cleaved-caspase-9 (Cell Signalling, no. 9509), anti-α-tubulin (Sigma, T5168), and Annexin V-fluorescein isothiocynate (FITC) (Annexin V-FITC, 556420, BD Pharmigen TM). The B23 (H-106: sc-5564, Santacruz) and β-actin (N-21: sc-13065, Santacruz) antibodies were used as markers for the nuclei and the cytoplasm, respectively.
Western blotting analysis
Protein extracts (20 μg/sample) from cells or tissues were analyzed by SDS-PAGE and subjected to Western blotting analysis using specific antibodies and the enhanced chemiluminescence's method (PIERCE, SuperSignal West Pico, Chemiluminescent Substrate CA 47079).
Exposure of cells to DOX and flow cytometry to assess apoptosis Mice F1/F1 and Tg/Tg cells were exposed to a range of DOX concentrations (0.1-25 μΜ) for 24 and 48 h. Previous studies have shown that DOX causes apoptosis of cardiomyocytes over a wide range of concentrations among 0.06-5 mM, while at concentrations higher than 10 mM, DOX induces necrosis rather than apoptosis (Kotamraju et al. 2000) . The measurement of apoptosis was performed by flow cytometry and PI/ Annexin V-FITC staining. Cells were washed twice with cold phosphate-buffered saline, collected and measured in a Neubauer hemocytometer. After measurement, cells were centrifuged and suspended in calcium buffer 1× at a rate 10 5 cells/100 μl. Then, cells were stained with 5 μl Annexin V-FITC (Annexin V-FITC, 556420, BD Pharmigen TM) and 5 μl of PI (propidium iodide solution, P4864, Sigma). The samples were incubated for 15 min at room temperature (25°C) in the dark and then 1 ml of calcium buffer 1× was added in every sample. The cytometric analysis was performed in a Partec ML flow cytometer (CyFlow®ML, Partec, Munster, Germany), and the results were analyzed by Partec FloMax software. Apoptosis and necrosis were calculated over all viable cells and after subtracting the autofluorescence of DOX.
Experimental animals
Eighty-four male F1/F1 (WT: wild type) strain CBA-C57BL/ 6J and Tg/Tg (Hsp70-transgenic mice overexpressing the human Hsp70) (Angelidis et al. 1996) were studied at a mean age of 11 weeks, weighing 30-35 g at the beginning of the experiment. Genotypes were determined by PCR using genomic DNA isolated from tail biopsies as substrate. Ten nanograms DNA was used as template for a PCR reaction using two new primers that generate a 600-bp fragment: forward primer (5′-ttttatggtaataacgcgccggcccggcttcctttatccc-3′) and reverse primer (3′-tacgcctcggcgatctccttcatcttggtcagcaccatg-5′) (unpublished results). As internal marker of equal loading, two primers were used for the mouse 18S rRNA identification: the forward (5′-aggggagagagcgggtaagaga-3′) and the reverse (3′-ggacaggactaggcggaaca-5′) primer (F56 and R296 corresponding, Qiagen) that generate a fragment of 241 bp. The WT mice (F1/F1) and the homozygous Hsp70-transgenic mice (Tg/Tg) were selected and used in all experiments.
All animals were maintained in 21-22°C and 50-60 % humidity, receiving commercial food and water in an inverted 12-h light/dark cycles. All experimental protocols were performed according to the rules of the European Community for the Protection of Vertebrate Animals used for Experimental and other Scientific Purposes. All conducted experiments were approved by the Veterinarian Services of the Prefecture of Ioannina in accordance with the Greek legislation for breeding and handling animals subject to the European Directives.
Chronic DOX administration DOX was administered to both WT (n=32) and transgenic (n=29) mice in a chronic protocol as previously described (Nozaki et al. 2004 ). In brief, DOX was administered via an intraperitoneal injection at a dose of 3 mg/kg of body weight every week for a total of 10 weeks, with a 2-week interval after the first 4 weeks. The timeline of the study is shown in Fig. 1 . At the beginning of the injection protocol, animals in each group were divided in prespecified subgroups so that they could be studied at three time-points, i.e., at 4, 6, and 10 weeks after DOX initiation: n=8-13 in each subgroup of transgenic mice and n=10-11 in each subgroup of WT mice. The mortality was examined in both WT and Tg/Tg groups during the 10 weeks of the experimental protocol of DOX administration. A control group of both WT (n=12) and transgenic mice (n=11) that did not have DOX injections was also included in the study to compare to animals that were subjected to chronic DOX administration. At the end of Hsp70 regulates DOX-mediated heart failure in transgenic mice4, 6, and 10 weeks (and 24 h after the last DOX injection), the animals at the corresponding subgroup were studied echocardiographically and then killed ( Fig. 1) . Animals in the control groups were also studied echocardiographically and then killed. Subsequently, their hearts were excised following in situ perfusion with ice-cold phosphate-buffered saline. Heart tissues were split in half, frozen in optimal cutting temperature (OCT) compound, freezing medium for cryosections and immunofluorescence, and immunobloting with apoptotic markers.
Echocardiography
Mice were anesthetized with ketamine (100-125 mg/kg intraperitoneally) and maintained on a heated platform in a left lateral decubitus position. Their chest was shaved, and prewarmed coupling gel was applied. Transthoracic echocardiography was performed using a GE Vividi ultrasonograph with an 11.5-MHz transducer (GE Healthcare, USA) for acquisition of two-dimensionally guided M-mode images of the left ventricle in the short axis at the level of the papillary muscles. All images were saved for offline analysis. Anterior and posterior wall thickness at end-diastole and left ventricular (LV) diameters diameter at end-diastole and endsystole (LVDd and LVDs respectively) were measured from the M-mode images using leading edge-to-edge conventions as recommended by the American Society of Echocardiography. All parameters were measured over at least three consecutive cardiac cycles and averaged. LV fractional shortening (FS) was calculated as [(LVDd−LVDs)/LVDd]×100] as an index of LV systolic function. Heart rate was determined from at least three consecutive intervals from the continuous wave Doppler tracings of the aortic valve. The same operator (KKN) obtained all images and measures and was blinded to the animal genotype as well as the duration of DOX administration.
Immunofluorescence staining of frozen heart tissue sections Five-micrometer-thick F1/F1 and Tg/Tg heart tissue cryosections stored in OCT freezing medium were analyzed for the activation of p53 after injection with saline solution or doxorubicin by indirect immunofluorescence, following the directions of the manufacturer (Cell Signalling Technology). Briefly, tissues were washed in TBS, fixed in 4 % paraformaldehyde for 15 min, and permeabilized for 5 min in ice-cold absolute methanol. Then, the tissues were washed with TBS, blocked in 3 % bovine serum albumin to prevent nonspecific staining and incubated overnight with phospho-p53 (Ser15) polyclonal antibody (Cell Signaling no. 9284S) at a dilution of 1:400 in TBS. Then, tissues were washed and incubated with the appropriate secondary antibody (Alexa Fluor 568-Invitrogen no. A11036) at a dilution of 1: 100 followed by nuclear SYBRGreen I staining (Sigma, S-9340), mounted in coverslips with Vectashield, and observed in a confocal Leica microscope.
Statistical analysis
Data are expressed as mean±SD unless otherwise stated. Comparisons among different time-points within the same group (WT or Tg/Tg) were performed using the one-way analysis of variance model (ANOVA) and Tukey's or Dunn's tests for post hoc comparisons. Comparisons between the two groups (F1/F1 vs. Tg/Tg) for any given time-point were made using unpaired t test. The chi-square test was used to compare mortality rates at each time-point between transgenic and control animals treated with DOX. A calculated P<0.05 was considered to be statistically significant.
Results

Hsp70 confers antiapoptotic activity in embryonic primary cells of Hsp70-transgenic mice
In primary embryonic cell lines (80 passages) isolated from mice embryos of Tg/Tg (Hsp70-transgenic animals) and F1/ F1 (wild-type animals) mice, the Hsp70 overexpression was examined using Western blotting before and after heat shock at 43°C for 90 min and recovery at 37°C for 0 or 3 h. As shown in Fig. 2a , no detectable levels of Hsp70 were observed in control F1/F1 cells, while in the Tg/Tg cells, the Hsp70 expression was similar to that expressed in F1/F1 cells when exposed to heat shock (Fig. 2a) . Similar results were obtained under the same conditions, using anti-Hsp70 antibody (StressGen SPA 810) and flow cytometry analysis (Fig. 2b) . Therefore, the acquired Tg/Tg cells expressed Hsp70 continuously without exposure of cells to heat shock.
When the apoptosis, after incubation with DOX in concentrations (0.1, 0.5, 1, 5, and 25 μΜ) for 24 and 48 h, was studied using flow cytometry and PI/Annexin V FITC staining, it was found that the Tg/Tg cells conferred an increased antiapoptotic activity compared to that of F1/F1 cells (Fig. 2c, d ). Our measurements with pI/Annexin V showed that the percentage of necrotic cells was too low and with no significant differences among doses and the time of doxorubicin treatment (range, 0-5 %). Thus, we concluded that apoptotic activity was responsible for the significant changes between F1/F1 and Tg/Tg cells after specific doses and time of incubation with DOX. The histograms of the percentage of apoptotic cells showed that control F1/F1 cells with no detectable amounts of Hsp70 presented an increased apoptotic activity compared to the Tg/Tg cells during 24 h (P<0.01 at all points) or 48 h (P<0.005 at all points) of DOX treatment, suggesting that the Hsp70 presence in Tg/Tg cells reduced apoptosis (Fig. 2c, d ). These cells were initially used to investigate the apoptotic mechanism triggered by DOX, and then to determine whether the same mechanism is activated after chronic administration of DOX to mice.
The apoptotic pathway activated by DOX in mouse primary embryonic cells and the role of Hsp70
Given that DOX enters into the nucleus and exerts its effect creating DNA damages (Lee et al. 2004) , the stimulation of mitochondrial apoptotic pathway that is triggered after DNA damage was examined. More specifically, the activation of all p53, Bax, caspase-9, caspase-3, and PARP-1 that are implicated on this pathway (Erster et al. 2004; Rich et al. 2000) and simultaneously the regulatory role of Hsp70 was investigated.
For this purpose, F1/F1 and Tg/Tg cells were exposed to DOX, and protein cell extracts were analyzed with SDS-PAGE/Western blotting/ECL system, using specific antibodies against Hsp70, PARP-1. phospho-p53-[ser15], Bax, cleaved-caspase-9, and active caspase-3.
As may be seen in Fig. 3 (A1-A2) , the DOX incubation of assay cells did not appear to significantly affect the expression of Hsp70 in any cell type. After exposure of assay cells to DOX (1-25 μM), Hsp70 was not detected in F1/F1 cells, whereas its expression remained almost constant in Tg/Tg cells (Fig. 3, A2 ).
Comparing PARP-1 under the same conditions in assay cells, we observed that PARP-1 inactivation was disabled when the cells expressed Hsp70 (Fig. 3, B2 ) in agreement with previously published results (Kotoglou et al. 2009 ). These findings showed that Hsp70 appears to be involved in the regulation of DNA damage produced by DOX and detected by PARP-1.
Then, the p53 accumulation, as the first activated molecule during DOX-induced apoptotic pathway, was studied. Given that p53 is involved in the path under its phosphorylated form (Shieh et al. 1997) , an antibody that recognizes the phosphorylated p53 form at ser15 was used. Thus, the increased accumulation of the p53-phosphorylated form indirectly indicates the promotion of the mitochondrial apoptotic pathway. As shown in Fig. 2 , the levels of p53(ser15) was found to be reduced in cells that overexpress Hsp70. (Fig. 3, C2) .
To characterize this apoptotic pathway in greater detail, the levels of Bax accumulation, caspase-9 and caspase-3 activation were studied under the same conditions of DOX exposure. As expected, the same phenomenon was observed when the accumulation of Bax (Fig. 3, D1-D2 ) Fig. 2 The Hsp70 overexpression is followed by decreased apoptotic activity in primary embryonic cells. a NIH-3T3, F1/F1 and Tg/Tg cells were exposed or not to heat shock (90 min at 43°C and 90-min recovery at 37°C) as indicated. Protein lysates (10 μg per sample) were analyzed to SDS-PAGE and subjected to Western blot using a MAb specific for the inducible Hsp70 (C92). bThe same primary embryonic cells were used for flow cytometric analysis of intracellular Hsp70, using the same antiHsp70 antibody as in a. and activation of caspase-9 (Fig. 3, E1-E2 ) and caspase-3 (Fig. 3F1-F2 ) were comparatively examined in assay cells. These results show that the presence of Hsp70 partially inhibits the activation and further promotion of p53-apoptotic pathway (Fig. 3) .
Combined, these results indicate that DOX, by causing DNA damage to cells, activates the mitochondrial apoptotic pathway that passes via the p-53, Bax, caspase-9, caspase-3, and ends in the inactivation of the PARP-1. Hsp70 appears to inhibit the activation of this apoptotic pathway, and its action is located upstream of p53 activation.
Hsp70 protects mice from doxorubicin-induced heart failure As aforementioned, 84 male F1/F1 and Tg/Tg mice were selected by PCR analysis (Fig. 4b) and were exposed or not to DOX. The expression of Hsp70 was monitored in heart tissue using Western blot and antibodies against Hsp70 and α-tubulin. As shown in Fig. 3c , Hsp70 was expressed highly only in Tg/Tg mice. A small increase in the amount of Hsp70 was observed in F1/F1 mice at 4 weeks of DOX treatment. The latter was either not evaluable or its accumulation was regulated by a mechanism at low levels (see "Discussion"). Paradoxically, a downregulation of Hsp70 was observed in Tg/Tg mice at 4, 6, and 10 weeks after DOX treatment (Fig. 4c) .
In the group of Tg/Tg mice that received DOX, the percentage of mice that died by week 4, 6, and 10 after the initiation of DOX administration (0, 0, and 15 %, respectively) was significantly lower compared to the group of F1/F1 mice (18, 30, and 45 %, respectively, P<0.05 at all time-points) ( Table 1, Fig. 3 Hsp70 blocks the doxorubicin-induced apoptotic cascade upstream of p53 phosphorylation. F1/F1 and Tg/Tg cells were exposed to 1, 5, 10, or 25 μM DOX for 24 h. Simultaneously, the same cells were exposed to heat shock (60 min at 42.5°C and 90-min recovery at 37°C) or staurosporine (3 h at 1 μM) that were used as markers of Hsp70 expression or as markers of apoptosis activation. Ten micrograms of each cellular fraction was analyzed by Western blot with anti-Hsp70 (A1, A2), anti-PARP-1 (B1, B2) anti-phospho-p53-[ser15] (C1, C2), anti-Bax (D1, D2), anti-cleaved caspase-9 (E1, E2), anti-active caspase-3 (F1, F2), and anti-tubulin antibodies as indicated the transgenic mice that received DOX at week 4, 6, and 10 after the initiation of DOX administration compared to their weight before the initiation of DOX (reduction by 2.0, 5.0, and 6.0 %, respectively) was significantly lower compared to the F1/F1 group that received DOX (reduction of 5.5, 13.9, and 19.3 %, respectively, P<0.02 at all time points between the two groups (Table 1, lower panel).
upper panel). The percentage of weight reduction in
The echocardiographic measurements are shown in representative M-mode measurements (Fig. 5a ). According to Fig. 5b , LV systolic function as assessed by the FS index did not differ between the two controls groups. FS was significantly reduced in both groups of animals that received DOX compared to their corresponding controls (P<0.05 at 4, 6, and 10 weeks for both groups), but the reduction in LV systolic function was greater in the F1/F1 mice compared to the Tg/Tg mice (P<0.05) (Fig. 5b) . The difference in FS between the Tg/Tg and the F1/F1 mice reached statistical significance at 6 and 10 weeks after DOX initiation; FS at The numbers in the parentheses indicate the number of animals that died (numerator) and the total number of animals that were used (denominator) in each experimental condition 10 weeks was reduced in WT animals from 70.8±4.6 % to 54.2±3.6 % and to 52.7±6.8 % at 6 and 10 weeks, respectively (P<0.0005 for both) and in Tg/Tg from 69.5±4.7 % to 62.7±4.8 % and to 64.2±4.1 % (P<0.05 for both) (P<0.05 between the two groups) (Fig. 5b) .
Hsp70 attenuates the DOX-induced cardiac dysfunction in transgenic mice overexpressing Hsp70 via inhibition of apoptosis, acting upstream of p53 activation Having studied the apoptotic pathway that is activated by DOX in primary embryonic cells, the DOX-induced apoptotic pathway was examined also in cardiac tissues of experimental animals that were exposed to DOX (3 mg/kg) for 4, 6, or 10 weeks as indicated in Fig. 6 . Myocardial protein extracts of the experimental animals analyzed by Western blotting using specific antibodies against caspase-9 (Fig. 6a ) and caspase-3 (Fig. 6b) . As observed, less procaspase-9 and procaspase-3 processing was observed following DOX treatment in the Tg/Tg cells compared to those of F1/F1 mice, indicating that the same apoptotic pathway, involving caspase-9/caspase-3, was activated after DOX exposure in both groups of mice. Thus, the point of Hsp70 action appears to be upstream of caspase-9 activation and possibly, as demonstrated in primary embryonic cells, upstream of p53 activation. In order to detect and compare the activation of p53, heart tissue sections of F1/F1 and Tg/Tg mice exposed to DOX were collected and immediately subjected to indirect immunofluorescence using antibodies specific for phosphorylated-p53. Confocal microscopy analysis showed that the phospho-p53 positive cells (red stained cells) (Fig. 7a) were significantly (P=0.002) reduced in tissue slides derived from sections of Tg/Tg mice compared to F1/F1 mice after DOX administration (Fig. 7b) . To further characterize the phosphop53 cytoplasmic accumulation, cytoplasmic (C) and nuclear (N) protein extract from fresh myocardial tissues were analyzed in Fig. 6 Inhibition of caspace-9 and caspace-3 in cardiac tissues of Hsp70-transgenic mice. F1/F1 and Tg/Tg mice were exposed to DOX (3 mg/kg) for 4, 6, or 10 weeks. Cardiac tissue protein extract (20 μg/sample) obtained from F1/F1 and Tg/Tg were analyzed in SDS-PAGE and subjected to Western blotting using specific antibodies against cleaved caspase-9 (a) and active caspase-3 (b). The α-tubulin was used as marker for equal loading of samples. C2 cells were exposed to heat shock (60 min at 42.5°C and 90 min recovery at 37°C) or staurosporine (3 h at 1 μM) to be used as markers of Hsp70 expression or as markers of apoptosis activation Fig. 7 Activation via phosphorylation of p53 in mouse myocardial tissue after doxorubicin administration. a Confocal microscopy analysis of phospho-p53 positive cells (red stained cells) derived from F1/F1 and Tg/Tg myocardial sections 10 weeks after DOX (3 mg/kg) initiation. Tissues were fixed for immunofluorescence staining of phosphorylatedp53, followed by co-staining with Alexa-Fluor 568 and SYBR Green I. b Percentages of p53 activation were determined by cell counting. Data are expressed as mean±SD (n=5), P=0.002. c The same amounts of nuclear and cytoplasmic proteins derived from cells of fresh myocardial tissues of F1/F1 and Tg/Tg mice were analyzed by SDS-PAGE and in turn subjected to Western blotting using specific antibodies against the phospho-p53 SDS-PAGE and subjected to Western blotting using specific antibodies against phosphor-p53-[ser15]. In agreement with the previous confocal studies, the phospho-p53 translocates to the cytoplasm at the period of 10 weeks of DOX administration. Quantification of phosphorylated-p53(ser15) was done using image J software (Fig. 7c, lower panel) . This phenomenon was inhibited in myocardial protein extracts obtained from Tg/Tg mice (Fig. 7c) .
These results indicate that the myocardiocytes undergoing apoptosis, after DOX exposure of F1/F1 mice, as indicated by the translocation of the p53-phosphorylated form to the cytoplasm (Fig. 7a) , were unable to downregulate the promotion of p53-apoptotic pathway. In contrast, the presence of Hsp70 effectively inhibited the p53-apoptosis in Tg/Tg cardiomyocytes increasing thus their survival.
Discussion
The results of the current study in transgenic mice overexpressing Hsp70 indicate that Hsp70 may provide protection from the DOX-induced myocardial damage as assessed by the lower mortality, the preservation of body weight, and left ventricular systolic function in the transgenic mice compared to WT mice. Chronic DOX administration activates the mitochondrial apoptotic pathway that passes via the p-53/Bax-1/ caspase-9/caspase-3. Hsp70 appears to inhibit the activation of this apoptotic pathway, and its action is located upstream of p53 activation. Previous studies at the cellular level have demonstrated that Hsp70 may block several steps in the apoptotic cascade. Hsp70 has been shown to block apoptosis upstream of mitochondria by preventing Bax translocation (Stankiewicz et al. 2005) , release of cytochrome C and apoptosis-inducing factor (AIF), nuclear import of AIF, activation of procaspase-9 and procaspase-3, and even downstream of active caspase-3 (Mosser et al. 1997; Jaattela et al. 1998a,b; Beere et al. 2000; Ravagnan et al. 2001; Guo et al. 2005) . Several prior studies supported the protective effect of Hsp70 on cells treated by DOX. A large study that assessed the mechanisms mediating cytoprotection from DOX studied 71 genes and Saccharomyces cerevisiae deletion strains that displayed varying degrees of hypersensitivity to DOX (Xia et al. 2007) . Genes involved with multiple pathways including DNA repair, RNA metabolism, chromatin remodeling, amino acid metabolism, and heat shock response have been found to mediate cytoprotection from DOX; among those, the Hsp70 gene appears to play an important role. Thermal preconditioning protected effectively cardiomyocytes against DOXinduced apoptosis, and this protection was attenuated by knockdown Hsp70 in cardiomyocytes by antisense messenger RNA (Ito et al. 1999) . Hsp70 overexpression has been previously shown to provide protection against DOX cytotoxicity Karlseder et al. 1996) , and Hsp70 accumulation following DOX administration has been associated with a shortening of the DOX-mediated cell cycle arrest in the G2 phase and a restart of cell proliferation (Abe et al. 1996) . Other Hsps have also been involved in cardiac protection from DOX-induced cardiotoxicity, among them, Hsp60 (Tanonaka et al. 2001 ), Hsp20 (Fan et al. 2008) , and Hsp27 Venkatakrishnan et al. 2006) . Important addition to this field is the work on the role of the HSF1-a transcription factor, which has the ability to activate simultaneously many heat shock genes with heat shock element-in DOX-induced heart failure (Vedam et al. 2010) . Therefore, we still do not know which of the induced genes are involved in the installation of heart failure. Furthermore, the mechanism of action of the protective effect of Hsp70 in DOX-induced cardiomyopathy has not been previously studied in an animal model.
In order to examine the apoptotic pathway that was activated following exposure to DOX, we used physical immortalized primary embryonic cells (over passages 80) isolated from pregnant paternal (F1/F1 cells) or homozygous transgenic mice (Tg/Tg cells). We assumed that these cell lines could serve as a convenient tool in order to determine, on the one hand, the apoptotic mechanism induced by DOX and, on the other hand, the point of hsp70 action on path.
The expression of Hsp70 in Tg/Tg cells was similar to that of F1/F1 cells exposed to heat shock (Fig. 2a) . Western blotting analysis revealed that treatment of cells with DOX activates the p53 that then promotes mitochondrial apoptotic signals and the caspases' cascade. Specifically, p53 activates the Bax, caspase-9 and caspase-3, while the activation of PARP-1 reveals the DOX-induced DNA damage. This apoptotic pathway appeared to be inhibited (Fig. 3, C2 , D2, E2, and F2) by the high expression of human Hsp70 in the primary embryonic Tg/Tg cells (Fig. 3, A2) , and this inhibitory effect was initiated from p53 activation (Fig. 3, C2 ). In conclusion, Hsp70 may prevent the promotion of apoptosis induced by DOX, acting at a site upstream of p53 activation (Fig. 3) as illustrated in Fig. 8 .
Having previously analyzed the apoptotic pathway that is activated by DOX administration, the mechanism of cardiac protection at the animal level was then investigated. Eightyfour mice (F1/F1 and Hsp70 homozygous Tg/Tg) were selected by PCR (Fig. 4a, b) and used in our experiments. The unexpected lower expression of Hsp70 was observed in Tg/Tg mice at 4, 6, and 10 weeks after DOX treatment (Fig. 3c) . The same phenomenon was observed in Tg/Tg cells when exposed for 48 h at 5, 10, or 25 μM DOX (data not shown). These results were in agreement with previous studies showed that Hsp70 downregulation after DOX treatment in Wistar rats may be attributed to the degradation of Hsp70 by DOX (Simoncikova et al. 2008) . A relatively recent work showed that a therapeutic dose of doxorubicin activates ubiquitinproteasome system-mediated proteolysis by acting on both the ubiquitination apparatus and proteasome (Liu et al. 2008 ). Furthermore, it was shown that CHIP mediates during the stress recovery process by sequential ubiquitination of substrates and Hsp70 (Qian et al. 2006) , although further research is needed in order to clarify this aspect of the particular protein. The Hsp70 protective effect of the primary cells was confirmed in F1/F1 mice and Tg/Tg mice that overexpress the human Hsp70 in all cells including cardiac cells (Angelidis et al. 1996) . Our current results in mice following chronic administration of DOX that induces cardiac dysfunction indicated that Hsp70 may provide protection from the DOXinduced myocardial damage as assessed by the lower mortality, the preservation of body weight (Table 1) , and left ventricular systolic function in the transgenic mice compared to F1/F1 mice. As assessed by transthoracic echocardiography, the reduction in LV systolic function after treatment with DOX was attenuated in Tg/Tg compared to F1/F1 mice (Fig. 5) , indicating that overexpression of Hsp70 may have offered cardiac protection against DOX in mice.
Subsequently, the inhibition of p53-apoptosis in tissues of both F1/F1 and Tg/Tg mice was studied. Western blotting analysis of myocardial cell protein extracts showed an increased presence of Hsp70 in samples from Hsp70-transgenic animals (Fig. 4c) , consistent with an increased protection from p53-apoptosis (Fig. 6a, b) . Specifically, both cleaved caspase-9 and active caspase-3 were downregulated in tissue cells overexpressing Hsp70. Immunofluorescence study in tissue sections and confocal microscope using specific antibodies against the activated form of p53 or phosphorylated p53(ser15) added strength to this observation. It should be considered that these p53-phosphorylated molecules were implicated to the mitochondrial apoptotic pathway via activation of Bax-1 (Seong and Ha 2012) . Subsequently, we investigated the activation of p53, as it is translocated out of the nucleus in the path to the mitochondria. As shown in Fig. 7a and b, in F1/F1 sections, the phosphorylated-p53 form is mainly detected in the cytoplasm of cells and accumulated at higher levels compared to that of Tg/Tg cells. The p53 accumulation in the cytoplasm in F1/F1 mice sections (Fig. 7 ) is in agreement with previous studies that showed the p53 phosphorylated form translocation to the cytoplasm or mitochondria (Helton and Chen 2007) .
Overall, the above results show that transgenic mice overexpressing Hsp70 demonstrate an increased resistance to the p53-apoptotic pathway, which, in turn, may cause delays in DOX-induced heart failure. The exact mechanism by which this is achieved is not known. Binding experiments of Hsp70 with populations of p53 suggest the involvement of Hsp70 in the activation of p53 (data not shown).
A proposed model of Hsp70-action in heart failure regulation is presented in Fig. 8 . According to this model, the DΟΧ enters in the nucleus of cells and causes DNA damages and p53 activation. Subsequently, the p53-phosphorylated form is translocated to the cytoplasm promoting the p53-apoptotic mitochondrial pathway. The inhibitory effect of Hsp70 is located upstream of p53 activation, while PARP-1 reveals the DNA damage caused to the cell by the DOX. The proposed model could also be completed after studies on the phosphorylation of p53 and upstream thereof. Previous studies have shown that the p53 protein is activated and phosphorylated on serine-15 in response to various DNA damaging agents. At high levels of DNA damage, p53 pro-apoptotic function is enabled, leading to programmed cell death (Helton and Chen 2007) . We assume that, in the model studied here (Hsp70-transgenic mice), Hsp70 overexpression could cause mitigation of the p53-apoptotic mechanism by influencing the phosphorylation of p53 via ATM and / or DNA-PK (Tomita 2010; Achanta et al. 2001) . Since previous studies show binding of Hsp70 with p53 (data not shown), such an approach should not be overlooked.
In conclusion, in this DOX-induced heart failure model in Hsp70-transgenic mice Hsp70 appears to provide protection from myocardial damage caused by DOX via a reduction in the p53 activation-dependent apoptosis. Whether Hsp70 serves as a potential therapeutic target against DOX-induced cardiotoxicity-especially as a therapeutic strategy to decrease side effects of chemotherapy without affecting its therapeutic efficacy warrants further research. Taking into consideration the anti-apoptotic properties of Hsp70, the role of Hsp70 in other types of heart failure needs to be investigated. However, further research is also needed to investigate other mechanisms that may be involved in this protective effect of Hsp70 in DOX-induced cardiac dysfunction. A direct effect of Hsp70 on the inflammatory response and/or oxidative stress as well as other pathways via which Hsp70 may inhibit apoptosis should not be ruled out.
Phospho-p53
Cytochrome Fig. 8 Hypothetical model of the Hsp70 function on the response to doxorubicin treatment, in the cytoplasm and nucleus. Doxorubicin translocates to the nucleus and produces DNA damages that promote the activated p53-apoptotic pathway via p53, Bax, caspase-9, and caspase-3
